Common radiative origin of active and sterile neutrino masses  by Borah, Debasish & Adhikari, Rathin
Physics Letters B 729 (2014) 143–148Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Common radiative origin of active and sterile neutrino masses
Debasish Borah a,∗, Rathin Adhikari b
a Department of Physics, Tezpur University, Tezpur 784028, India
b Centre for Theoretical Physics, Jamia Millia Islamia, Central University, Jamia Nagar, New Delhi 110025, India
a r t i c l e i n f o a b s t r a c t
Article history:
Received 25 October 2013
Received in revised form 30 December 2013
Accepted 8 January 2014
Available online 10 January 2014
Editor: G.F. Giudice
Sterile neutrinos with sub-electron volt (eV) masses have recently received serious attention due to
the tantalizing hints from reactor neutrino experiments as well as cosmology. While the nine year old
Wilkinson Mass Anisotropy Probe experiment suggests the effective number of relativistic degrees of
freedom to be Neff = 3.84 ± 0.40, recently reported Planck Collaboration results show more preference
towards the standard three light neutrino scenario Neff = 3.30+0.54−0.51. Keeping in mind that the issue
of existence or non-existence of sub-eV scale sterile neutrinos is not yet settled, here we outline a
mechanism to generate sub-eV scale masses for three active and one sterile neutrinos simultaneously.
The model is based on an abelian extension of Standard Model where the fermion and scalar ﬁelds are
charged under the additional U (1) gauge group in such an anomaly free way that it allows one eV scale
neutrino and three massless neutrinos at tree level. However, at one loop level, this model naturally
allows three active and one sterile neutrino with mass at the sub-eV scale. The model also allows for
mixing between active and sterile neutrinos at one loop level which can have interesting signatures in
reactor neutrino experiments.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
The Standard Model (SM) of particle physics has turned out to
be the most successful low energy theory, specially after the 2012
discovery of its last missing piece: the Higgs boson. Despite its
phenomenological success, the Standard Model neither addresses
some theoretical issues like gauge hierarchy problem, nor provides
a complete understanding of various observed phenomena like
non-zero neutrino masses, dark matter etc. A signiﬁcant amount
of works have been carried out so far on various possible exten-
sions of the Standard Model, although none of them can be called
a complete phenomenological model. Such extensions usually in-
volve incorporating some additional symmetries (gauged or global)
into the Standard Model or inclusion of additional ﬁelds. We know
that the smallness of three Standard Model neutrino masses [1,2]
can be naturally explained via seesaw mechanism. Such seesaw
mechanism can be of three types: type I [3], type II [4] and type
III [5]. All these mechanisms involve the inclusion of additional
fermionic or scalar ﬁelds to generate tiny neutrino masses at tree
level. However, it could well be true that the gauge symmetry
as well as the ﬁeld content of the theory do not allow neutrino
masses at tree level and tiny neutrino masses appear only at the
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SCOAP3.loop level. Here we are interested in a model which gives rise to
such radiative neutrino mass in the manner proposed in [6,7].
In addition to additional scalar and fermionic ﬁelds, the model
we study also has an enhanced gauge symmetry: an additional
U (1)X gauge symmetry. It is worth mentioning that abelian gauge
extension of Standard Model is one of the best motivating exam-
ples of beyond Standard Model physics [8]. Such a model is also
motivated within the framework of GUT models, for example E6.
The supersymmetric version of such models can also provide a so-
lution to the MSSM μ problem, among many other advantages. An
abelian gauge extension of SM was studied recently by one of us in
the context of four fermion generations [9] which explains the ori-
gin of three light and one heavy fourth generation neutrino masses
and at the same time provides a way to avoid the strict bounds put
by Large Hadron Collider (LHC) on a SM like Higgs boson mass in
the presence of a fourth family.
Recently, a similar abelian gauge extension of Standard Model
was studied in the context of radiative neutrino mass and dark
matter in [10]. Here we study the same model with little mod-
iﬁcation to take into account light sterile neutrinos. Light sterile
neutrino of mass of the order of electron volts (eV) have re-
cently got lots of attention due to some experimental evidence
suggesting additional light degrees of freedom beyond the three
active neutrino species. For a review, please see [11]. The nine
year Wilkinson Mass Anisotropy Probe (WMAP) data are point-
ing towards the existence of additional light degrees of freedomunder the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
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ported a preference towards the standard three light neutrino sce-
nario Neff = 3.30+0.54−0.51 [13]. Nevertheless, the issue of more than
three relativistic degrees of freedom is not yet settled. Apart from
cosmological hints in support of light sterile neutrino, there have
also been evidence from anomalous results in accelerator and re-
actor based neutrino experiments. The anomalous results in anti-
neutrino ﬂux measurements at the LSND accelerator experiment
[14] provided the ﬁrst hint of light sterile neutrinos. The LSND
results have also gained support from the latest data released
by the MiniBooNE experiment [15]. Similar anomalies have also
been observed at nuclear reactor neutrino experiments [16] as well
as gallium solar neutrino experiments [17]. These anomalies sug-
gesting the presence of light sterile neutrinos have led to global
short-baseline neutrino oscillation data favoring two light sterile
neutrinos within the eV range [18]. Some more interesting discus-
sions on light sterile neutrinos from cosmology as well as neutrino
experiments point of view can be found in [19] and references
therein. Thus, the hints in favor of sub-eV scale sterile neutrinos
have led to a model building challenge to explain the origin of
three light active neutrinos together with one or two sterile neutri-
nos within the same mass range. Some interesting proposals along
these lines have appeared recently in [20,21]. A nice review of
some of the earlier works can also be found in [22].
In this Letter, we present an abelian extension of the Standard
Model where three active and one sterile neutrino masses arise at
eV scale. The gauge charges of the ﬁeld content under the addi-
tional U (1)X gauge group are chosen in such an anomaly free way
that only one active neutrino acquires non-zero tree level mass
from usual type I seesaw mechanism whereas two other active
neutrinos and one sterile neutrino remain massless. However, at
one-loop level two other active neutrinos and one sterile neutrino
acquire non-zero mass. Due to the loop suppression, the particles
in the loop can be around the TeV corner while keeping the neu-
trino masses at eV scale and hence can have interesting signatures
in the colliders. This model also allows non-zero mixing between
active and sterile neutrinos at one loop level and hence can have
tantalizing consequences in the reactor neutrino experiments. Also,
as discussed in one of our earlier works [10], this model also has
the provision of breaking the gauge symmetry spontaneously in a
way that leaves a remnant Z2 symmetry at low energy allowing
the lightest Z2 odd particle to be stable and hence a cold dark
matter candidate. However, in our minimal setup, to allow non-
trivial mixing of light sterile neutrino with the active neutrinos,
we have to sacriﬁce this Z2 symmetry. Thus, the present work is
not aimed at explaining dark matter which may have origin from
a different new physics sector.
This Letter is organized as follows. In Section 2 we brieﬂy dis-
cuss the model we are interested in. In Section 3 we study the
generation of three active neutrino masses in this model. In Sec-
tion 4, we discuss the origin of one eV scale sterile neutrino in
our model. Then in Section 5 we discuss the possibility of active–
sterile neutrino mixing at one-loop level and ﬁnally conclude in
Section 6.
2. The model
The model which we take as a starting point of our discus-
sion was ﬁrst proposed in [7]. The authors in that Letter discussed
various possible scenarios with different combinations of Majorana
singlet fermions NR and Majorana triplet fermions ΣR . Here we
discuss one of such models which we ﬁnd the most interesting for
our purposes. This, so-called model C by the authors in [7], has the
following particle content shown in Table 1.Table 1
Particle content of the model.
Particle SU(3)c × SU(2)L × U (1)Y U (1)X Z2
(u,d)L (3,2, 16 ) n1 +
uR (3¯,1, 23 )
1
4 (7n1 − 3n4) +
dR (3¯,1,− 13 ) 14 (n1 + 3n4) +
(ν, e)L (1,2,− 12 ) n4 +
eR (1,1,−1) 14 (−9n1 + 5n4) +
NR (1,1,0) 38 (3n1 + n4) −
Σ1R,2R (1,3,0) 38 (3n1 + n4) −
S1R (1,1,0) 14 (3n1 + n4) +
S2R (1,1,0) − 58 (3n1 + n4) −
(φ+, φ0)1 (1,2,− 12 ) 34 (n1 − n4) +
(φ+, φ0)2 (1,2,− 12 ) 14 (9n1 − n4) +
(φ+, φ0)3 (1,2,− 12 ) 18 (9n1 − 5n4) −
χ1 (1,1,0) − 12 (3n1 + n4) +
χ2 (1,1,0) − 14 (3n1 + n4) +
χ3 (1,1,0) − 38 (3n1 + n4) −
χ4 (1,1,0) − 34 (3n1 + n4) +
The third column in Table 1 shows the U (1)X quantum num-
bers of various ﬁelds which satisfy the anomaly matching con-
ditions. The Higgs content chosen above is not arbitrary and is
needed, which leads to the possibility of radiative neutrino masses
in a manner proposed in [6] as well as a remnant Z2 symmetry.
Two more singlets S1R , S2R are required to be present to satisfy
the anomaly matching conditions. In this model, the quarks cou-
ple to Φ1 and charged leptons to Φ2 whereas (ν, e)L couples to
NR , ΣR through Φ3 and to S1R through Φ1. The extra four sin-
glet scalars χ are needed to make sure that all the particles in
the model acquire mass. The Lagrangian which can be constructed
from the above particle content has an automatic Z2 symmetry
and hence provides a cold dark matter candidate in terms of the
lightest odd particle under this Z2 symmetry. Part of the scalar
potential of this model relevant for our future discussion can be
written as
Vs ⊃ μ1χ1χ2χ †4 + μ2χ22χ †1 + μ3χ23χ †4 + μ4χ1Φ†1Φ2
+ μ5χ3Φ†3Φ2 + λ13
(
Φ
†
1Φ1
)(
Φ
†
3Φ3
)+ f1χ1χ †2χ23
+ f2χ32χ †4 + f3χ1χ †3Φ†1Φ3
+ f4χ22Φ†1Φ2 + f5χ †3χ4Φ†3Φ2
+ λ23
(
Φ
†
2Φ2
)(
Φ
†
3Φ3
)+ λ16(Φ†1Φ1)(χ †3χ3)
+ λ26
(
Φ
†
2Φ2
)(
χ
†
3χ3
)
(1)
Let us denote the vacuum expectation values (vev) of various
Higgs ﬁelds as 〈φ01,2〉 = v1,2, 〈χ01,2,4〉 = u1,2,4. We also denote the
coupling constants of SU(2)L , U (1)Y , U (1)X as g2, g1, gx respec-
tively. The charged weak bosons acquire mass M2W = g
2
2
2 (v
2
1 + v22).
The neutral gauge boson masses in the (Wμ3 , Y
μ, Xμ) basis is
M = 1
2
⎛
⎝
g22(v
2
1 + v22) g1g2(v21 + v22) M2W X
g1g2(v21 + v22) g21(v21 + v22) M2Y X
M2W X M
2
Y X M
2
X X
⎞
⎠ (2)
where
M2W X = −g2gx
(
3
4
(n1 − n4)v21 +
1
4
(9n1 − n4)v22
)
M2Y X = −g1gx
(
3
(n1 − n4)v21 +
1
(9n1 − n4)v22
)
4 4
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(
9
4
(n1 − n4)2v21 +
1
4
(9n1 − n4)2v22
+ 1
16
(3n1 + n4)2
(
4u21 + u22 + 9u24
))
The mixing between the electroweak gauge bosons and the addi-
tional U (1)X boson as evident from the above mass matrix should
be very tiny so as to be in agreement with electroweak precision
measurements. The stringent constraint on mixing can be avoided
by assuming a very simpliﬁed framework where there is no mix-
ing between the electroweak gauge bosons and the extra U (1)X
boson. Therefore M2W X = M2Y X = 0 which gives rise to the follow-
ing constraint
3(n4 − n1)v21 = (9n1 − n4)v22 (3)
which implies 1 < n4/n1 < 9. If U (1)X boson is observed at LHC
this ratio n4/n1 could be found empirically from its decay to qq¯, ll¯
and νν¯ [7]. Here, q, l and ν correspond to quarks, charged leptons
and neutrinos respectively. In terms of the charged weak boson
mass, we have
v21 =
M2W (9n1 − n4)
g22(3n1 + n4)
, v22 =
M2W (−3n1 + 3n4)
g22(3n1 + n4)
Assuming zero mixing, the neutral gauge bosons of the Standard
Model have masses
MB = 0, M2Z =
(g21 + g22)M2W
g22
which corresponds to the photon and weak Z boson respectively.
The U (1)X gauge boson mass is
M2X = 2g2X
(
−3M
2
W
8g22
(9n1 − n4)(n1 − n4)
+ 1
16
(3n1 + n4)2
(
4u21 + u22 + 9u24
))
3. Active neutrino mass
In this section, we summarize the origin of neutrino mass in
the model. The relevant part of the Yukawa Lagrangian is
LY ⊃ yL¯Φ†1S1R + hN L¯Φ†3NR + hΣ L¯Φ†3ΣR + fNNRNRχ4
+ f S S1R S1Rχ1 + fΣΣRΣRχ4 + fN SNR S2Rχ †2
+ f12S1R S2Rχ †3 (4)
The Majorana mass of the fermions SR , NR and ΣR arise as a
result of the spontaneous symmetry breaking of U (1)X symmetry
by the vev of χ1,2,4. Neutrinos acquire Dirac masses by virtue of
their couplings to S1R as shown in Eq. (4). Thus the 3 × 3 neu-
trino mass matrix receives tree level contribution from standard
type I seesaw mechanism and one gets the hierarchical pattern
of neutrino mass with only one massive and other two neutrinos
massless. S1R can couple to arbitrary linear combination of νi by
assigning different values of y in Eq. (4) for different generation.
However, considering it non-zero and same for νμ and ντ only, the
heaviest mass mν3 is given by
mν3 ≈ 2y
2v21
f Su1
(5)
which sets the scale of higher neutrino mass square difference of
about 2.4 × 10−3 eV2 and for that mν3 may be considered to be
about 0.05 eV (for hierarchical neutrino masses) to about 0.1 eVFig. 1. One-loop contribution to active neutrino mass.
(for almost degenerate neutrino masses). Two neutrinos which are
massless at the tree level become massive from one loop con-
tribution as shown in Fig. 1 of Feynman diagram involving one
of NR , Σ01R,2R . These contributions set the scale of lower mass
squared difference of about 7.6 × 10−5 eV2 for which other neu-
trino masses may be considered to be about 10−2 eV (for hier-
archical neutrino masses) to about 0.1 eV (for almost degenerate
neutrino masses). Somewhat similar to [6], such a one loop dia-
gram gives partial contribution through Ak as mentioned below
when there is a mass splitting between the CP-even and CP-odd
neutral components of the Higgs ﬁeld involved in the loop which
is φ03 in this case. In our considered model, such a mass splitting
is possible due to the couplings between φ03 and the singlet scalar
ﬁelds χ shown in Eq. (1). Such a mass splitting is also necessary
for φ03 to be a dark matter candidate as discussed in [10].
The one-loop contribution (Mν)i j to 3×3 neutrino mass matrix
is given by
(Mν)i j ≈ f3 f5v1v2u1u416π2
∑
k
hN,Σ ikhN,Σ jk
(
Ak + (Bk)i j
)
(6)
where k = 1,2,3 corresponds to different NR ,
Ak = (MN,Σ )k
[
I
(
mφ03R
,mφ03R
, (MN,Σ )k,mχ3R
)
− I(mφ03I ,mφ03I , (MN,Σ )k,mχ3R
)]
(7)
(Bk)i j = −(2− δi j)(MN,Σ )k I
(
mφ03R
,mφ03I
, (MN,Σ )k,mχ3I
)
(8)
in which
I(a,a,b, c) = (a
4 − b2c2) ln(a2/c2)
(b2 − a2)2(c2 − a2)2
+ b
2 ln(b2/c2)
(c2 − b2)(a2 − b2)2
− 1
(a2 − b2)(a2 − c2) (9)
I(a,b, c,d) = 1
a2 − b2
[
1
a2 − c2
(
a2
a2 − d2 ln
(
a2/d2
)
− c
2
c2 − d2 ln
(
c2/d2
))− 1
b2 − c2
×
(
b2
b2 − d2 ln
(
b2/d2
)− c2
c2 − d2 ln
(
c2/d2
))]
(10)
and mφ03R
and mφ03I
are the masses corresponding to Re[φ03 ] and
Im[φ03 ] respectively and mχ3R and mχ3I are the masses correspond-
ing to Re[χ03 ] and Im[χ03 ] respectively and vi = 〈φi〉 and ui = 〈χi〉.
MN,Σ is the Majorana mass term of NR(Σ0R). hN,Σ are the Yukawa
couplings in Eq. (4). If NR is replaced by ΣR in the Feynman dia-
gram then in the above expression hΣi j is to be considered instead
of hNij as shown above.
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given below. We write (MN,Σ )k as m2k . We have neglected the
mixing between φ03 and χ
0
3 . If all the scalar masses in the loop
diagram are almost degenerate and written as msc then
Ak + (Bk)i j ≈m2k
[
m2sc +m22k
m2sc(m
2
sc −m22k)2
− (2− δi j)m
2
2k
(m2sc −m22k)3
ln
(
m2sc/m
2
2k
)]
(11)
and if all scalar and fermion masses in the loop are almost degen-
erate and written as mdeg then
Ak + (Bk)i j ≈ (2− δi j)
6m3deg
. (12)
To get appropriate neutrino mass square differences we shall re-
quire these loop contributions to be about 10−2 eV (for hierar-
chical neutrino masses) to about 0.1 eV (for almost degenerate
neutrino masses) as mentioned earlier.
After taking into account the one loop correction to tree level
neutrino mass matrix (as shown in Eq. (13) below) we discuss
about the mixing of different ﬂavors of active neutrinos. As dis-
cussed earlier we consider y1 ≈ 0, y2 ≈ y3 ≈ y in the 4 × 4 block
of the neutrino mass matrix in (13) which give mν3 as shown in
Eq. (5). This choice also gives maximal mixing of νμ and ντ at the
tree level. As loop contributions to this block are relatively much
smaller it is expected that they will not change this maximal mix-
ing much which is required to support atmospheric neutrino oscil-
lation data. For simplicity of the loop contribution let us assume
u1 ∼ u4 ∼mdeg and f3 ∼ f5 ∼ 10−3, without losing any generality.
Considering Eqs. (6) and (12) we deﬁne
ai =
{
f3 f5v1v2u1u4
16π2
(2− δi j)
6m3deg
}1/2∑
k
hN,Σ ik
(where all hN,Σ ik are assumed to be equal for particular i value)
such that we can write the one loop contribution to 3 × 3 active
neutrino mass matrix as (Mν)i j ≈ aia j where i = 1,2,3. Let us con-
sider hN,Σ ik ∼ 10−3 for i = 2,3. This implies a2 ∼ a3 which are
written as a here onwards. These choices give mν2 ∼ a2 ∼ 10−2 eV
which is, for example, appropriate for hierarchical neutrino masses.
After diagonalization of tree level neutrino mass matrix al-
though there is rotation in the νμ and ντ basis, the order of
different matrix elements will not change from the order of the
loop contributions in the upper left 3 × 3 block except the 33 el-
ement. The 33 element is given by mν3 which is about one order
of magnitude higher than other elements. Therefore, correspond-
ing to νe − ντ mixing the angle θ13 will be naturally small and is
given by
tan2θ13 ≈ 2a1a/mν3
This could be about 0.3 for our choices of parameters (with a1 ≈
0.08) resulting in sin2 2θ13 ≈ 0.1 as required by recent experiments
like Daya Bay. Corresponding to νe–νμ mixing, the angle θ12 is
given by
tan2θ12 ≈ 2a1a/
(
a2 − a21
)
Considering hN,Σ 1k somewhat close to hN,Σ ik with i = 2,3 as re-
quired by our above-mentioned choices of parameters, it is possi-
ble to obtain nearly maximal value of θ12 as obtained from solar
neutrino oscillation data.Fig. 2. One-loop contribution to sterile neutrino mass.
4. Sterile neutrino mass
In the model we are studying, there are three singlet fermions
S1R , S2R , NR . Out of these, S1R couples to the active neutrinos and
contribute to tree level mass term of one of the active neutrinos as
discussed in the previous section. Thus, for generic Dirac–Yukawa
couplings of the neutrinos, the sterile neutrino S1R is expected to
be much heavier than the eV scale. Otherwise, one of the active
neutrinos will receive a large tree level contribution to its mass
in disagreement with observations. Thus either S2R or NR or both
could give rise to the light sterile neutrinos. From the Yukawa La-
grangian (4), we see that there is a tree level mass term fN 〈χ4〉
which is certainly not of eV order as we are considering the addi-
tional U (1)X symmetry to be broken (by the vev of χ ) at a scale
above the electroweak scale. So NR is not a preferred candidate for
light sterile neutrino in our model. However, there is no tree level
mass term for S2R . There are mixing terms of S2R with NR , S1R
through Higgs ﬁelds χ2,χ3 respectively. Out of these two, the ﬁeld
χ3 does not acquire vev owing to the fact that it is Z2-odd. If the
vev of the other Higgs ﬁeld χ2 is zero, the singlet fermion S2R
decouples from rest of the fermions at tree level. As seen from
the discussion on active neutrino masses, it can be noted that the
vev of χ2 does not appear in the mass formula (6) and hence can
safely be turned off. In our notation, the full fermion mass matrix
at tree level looks like the one below
M f =
⎛
⎜⎜⎜⎜⎜⎝
0 0 0 y1v1 0 0
0 0 0 y2v1 0 0
0 0 0 y3v1 0 0
y1v1 y2v1 y3v1 f Su1 0 0
0 0 0 0 0 0
0 0 0 0 0 fNu4
⎞
⎟⎟⎟⎟⎟⎠
(13)
The above mass matrix is written in the basis (νe, νμ,ντ , S1R ,
S2R ,NR). Thus, the sterile neutrino S2R remains massless at tree
level and can acquire a small eV scale mass at one loop level from
the diagram 2. Since S2R corresponds to the ﬁfth entry in the mass
matrix above, we denote its mass term as (M f )55. The one-loop
contribution to its mass can be written as
(M f )55 ≈
f 212 f3 f5v1v2u1u4
16π2
(A + B) (14)
where A and B can be obtained by replacing (MN,Σ )k by MS1R in
Ak and Bk in (7) and (8) respectively.
5. Active–sterile neutrino mixing
As discussed in the last section, a light eV scale sterile neu-
trino can be naturally accommodated in our model. It has zero tree
level mass but obtains a mass of the same scale as the light active
neutrinos through one loop corrections. However, to have implica-
tions in neutrino oscillation experiments, this light sterile neutrino
should have non-trivial mixing with the active neutrinos. It can
be seen from our discussion above that the light sterile neutrino
D. Borah, R. Adhikari / Physics Letters B 729 (2014) 143–148 147Fig. 3. One-loop contribution to active–sterile neutrino mixing.
S2R does not have any tree level mixing with the active neutri-
nos. Even at loop level, there is no active–sterile neutrino mixing
with the minimal ﬁeld content discussed above. We introduce a
new scalar singlet ﬁeld ζ with U (1)X charge 58 (3n1 + n4) which a
tree level mixing term of NR and S1R which effectively allow one
loop mixing between active and sterile neutrino as seen in the di-
agram 3. The mixing term corresponding to this diagram can be
estimated as
(M f )5 j = (M f )∗j5 ≈
∑
k
f12 f5v2u4(hN,Σ )kjMX
16π2
× [I(mχ3R ,mφ03R ,MX ) − I(mχ3I ,mφ03I ,MX )
]
(15)
where j,k = 1,2,3 and k corresponds to different NR . MX is the
U (1)X symmetry breaking scale and we have assumed MS1R ∼
MNR ∼ MΣR ∼ MX and
I(a,b, c) = a
2b2 ln(a2/b2) + b2c2 ln(b2/c2) + c2a2 ln(c2/a2)
(a2 − b2)(b2 − c2)(c2 − a2)
(16)
If NR is replaced by ΣR in the Feynman diagram then in the above
expression hΣkj is to be considered instead of hNkj as shown above.
If we consider mχ3R ∼mφ03R and/or mχ3I ∼mφ03I then to get (M f )5 j
one is required to consider I(a,a, c) which is given by
I(a,a, c) = 1
(a2 − c2)2
(
a2 − c2 − c2 ln(a2/c2)) (17)
Assuming mχ3R ∼mχ3I  MX , we have
(M f )5 j ≈
∑
k
f12 f5v2u4(hN,Σ )kjMX
16π2M4X
× [m2χ3R −m2χ3I − M2X ln(m2χ3R /m2χ3I )] (18)
Writing mχ3 = (mχ3R + mχ3I )/2 and assuming the Yukawa cou-
plings to be real
(M f )15 ≈
∑
k
f12 f5v2u4(hN,Σ )1k
16π2MXm2χ3
[
m2χ3R −m2χ3I
]
(19)
For (M f )25 in the above expression (hN,Σ )1k will be replaced by
(hN,Σ )2k . As A + B ≈ 1/(m2χ3MX )
(M f )55 ≈
f 212 f3 f5v1v2u1u4
16π2m2 MX
(20)
χ3If we consider (hN,Σ )21k ∼ (hN,Σ )22k  f 212 then (M f )11 ∼ (M f )22 
(M f )55 and we can write the active–sterile mixing angles as
tan2θe5 = 2(M f )15
(M f )55
, tan2θμ5 = 2(M f )25
(M f )55
(21)
and these active–sterile mixing angles could be small. However, if
we consider (hN,Σ )21k ∼ (hN,Σ )22k ∼ f 212 then (M f )11 ∼ (M f )22 ∼
(M f )55 and these mixing angles could be large which is not ex-
pected.
One may note that unlike the conventional 4th row and col-
umn for the sterile entry in the neutrino mass matrix, we have
written it as the ﬁfth entry as can be seen in the tree level neu-
trino mass matrix (13). The fourth entry corresponds to the heavy
sterile neutrino S1R . To compare with the global ﬁt data for 3+ 1
sub-eV neutrino scenario, we now go back to the conventional no-
tation and denote the light sterile neutrino as the fourth entry and
the heavy sterile neutrino as the ﬁfth. As θe5 and θμ5 are very
small, we can consider the (1,4) element of the mixing matrix as
|Ue4| ∼ sin θe5 ≈ 1
2
tan2θe5
=
∑
k
(hN,Σ)1k
f12 f3v1u1
[
m2χ3R −m2χ3I
]
(22)
To get |Uμ4| in the above expression (hN,Σ )1k is to be replaced
by (hN,Σ )2k . The global neutrino ﬁt data with three active and
one light sterile neutrinos [23] give the best ﬁt parameters as
m241 = 0.93 eV2, |Ue4| = 0.15, |Uμ4| = 0.17 which, following the
discussion above, can naturally be explained within the framework
of our model. As for example, considering f12 ≈ 10−5 and other
Yukawa couplings of the order of 10−6 and mass splitting between
the real and imaginary component of the ﬁelds χ3, φ03 such that
(m2χ3R −m2χ3I ) ≈ 0.1 GeV2 and the vevs v1 ≈ 100 GeV, u1 ≈ 1 TeV
give the required order for active–sterile mixing. In a less ﬁne-
tuned scenario, one can also have f12 ≈ 10−2, other Yukawa cou-
plings of the order of 10−3 and the mass splitting approximately
100 GeV2 such that the desired mixing can be obtained. Using the
experimental data it turns out
∑
k
(hN,Σ )1k
(hN,Σ )2k
≈ |Ue4||Uμ4| ≈
0.15
0.17
(23)
and as such the Yukawa couplings (hN,Σ )1k and (hN,Σ )2k may be
almost equal in our model.
While using the global ﬁt data [23] for sterile neutrinos to con-
strain our model parameters, we note that these global ﬁt data
suffer from the tension between antineutrino appearance signals
(as seen in accelerator, reactor and gallium anomalies) and bounds
from antineutrino disappearance experiments [24]. As concluded
in [23], a consistent interpretation of all data suggesting eV scale
sterile neutrino is still missing and hopefully future oscillation and
cosmology experiments will shed more light into it.
6. Results and conclusion
Motivated by the hints from cosmology as well as neutrino ex-
periments favoring additional light degrees of freedom, here we
have studied an abelian extension of the Standard Model where
three active and one sterile neutrino can acquire masses at the
electron volt scale. At tree level, only one active neutrino acquires
masses through type I seesaw mechanism whereas two active and
one sterile neutrino remain massless. At one loop level, all the
three active and one sterile neutrino receives non-zero mass con-
tribution. Due to the radiative origin of the light neutrino masses,
the new physics in this model can lie well around the TeV scale
148 D. Borah, R. Adhikari / Physics Letters B 729 (2014) 143–148and hence can have interesting signatures in the collider experi-
ments. This model also allows non-zero mixing between active and
sterile neutrinos at loop level and hence can provide a suitable ex-
planation to reactor neutrino anomalies. Such a mixing can also
have non-trivial consequences in neutrinoless double beta decay
experiments as recently discussed in [20,25].
It should be noted that the Z2-odd singlet fermion S2R is be-
ing proposed as the sub-eV sterile neutrino in our work. Hence the
usual weakly interacting massive particle (WIMP) dark matter sce-
nario is lost in our framework. However, it is possible to project
S2R as warm dark matter candidate by suitably adjusting the ra-
diative mass to be in the keV region without any mixing with the
light neutrino sector. We leave such a study for future investiga-
tion.
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